Introduction
Axonal injury is an important pathological feature of acute and chronic multiple sclerosis (MS) lesions. It is now widely accepted that immune-mediated axonal damage and loss are major determinants of irreversible neurological disability in patients with MS (1) (2) (3) (4) . Therefore, there is a need for novel neuroprotective therapies that can be administered as adjuncts to existing immunomodulatory therapies for the treatment or prevention of progressive disease.
Previous studies have shown that following axonal injury, specific neuronal gene transcription and translation events are initiated, with the potential to either reduce or enhance neuronal survival. For example, in MS autopsy tissue, Dutta et al. (5) used RNA microarrays to demonstrate that cortical neurons induce genes encoding components of the neuroprotective ciliary neurotrophic factor signaling pathway, presumably in response to inflammatory demyelination or distant axonal injury. One limitation of human CNS gene expression profiling in MS is that it is by necessity usually performed on autopsy tissue with highly heterogeneous disease course and little ongoing inflammation and with variable RNA degradation post-mortem. Therefore, we investigated neuronal gene expression changes during acute inflammatory CNS axon injury using murine myelin oligodendrocyte glycoprotein 35-55-induced (MOG -induced) experimental autoimmune encephalomyelitis (EAE) (6) (7) (8) . The analysis of gene expression in the EAE mouse noninflamed motor cortex, a region containing pyramidal neurons with direct axonal projection to the spinal cord, revealed a significantly altered expression of several mRNAs encoding proteins associated with the extracellular matrix (ECM).
Recent studies have shown that various ECM molecules, including biglycan (9, 10) , versican (11) , and hyaluronan (12) , function as damage-associated molecular pattern molecules (DAMPs) (13) . DAMPs comprise endogenous molecules that are released following tissue injury and signal the innate immune system to initiate and maintain inflammatory responses (14) (15) (16) . DAMPs are normally sequestered intracellularly or are bound tightly in the ECM and can only become active signaling molecules following release after cell damage or ECM degradation.
In this study, we identified the noncollagenous ECM protein matrilin-2 (MATN2) as an endogenous molecule that is expressed and upregulated by neurons in response to immune-mediated axonal injury. MATN2 is one of four members of the matrilin family, each of which is thought to act as an oligomeric extracel-In patients with multiple sclerosis (MS) and mice with experimental autoimmune encephalomyelitis (EAE), inflammatory axonal injury is a major determinant of disability; however, the drivers of this injury are incompletely understood. Here, we used the EAE model and determined that the extracellular matrix protein matrilin-2 (MATN2) is an endogenous neuronal molecule that is regulated in association with inflammatory axonal injury. Compared with WT mice, mice harboring a deletion of Matn2 exhibited reduced disease severity and axon damage following induction of EAE. Evaluation of neuronmacrophage cocultures revealed that exogenous MATN2 specifically signals through TLR4 and directly induces expression of proinflammatory genes in macrophages, promoting axonal damage. Moreover, the MATN2-induced proinflammatory response was attenuated greatly in macrophages from Myd88 KO mice. Examination of brain sections from patients with MS revealed that MATN2 is expressed in lesions but not in normal-appearing white matter. Together, our results indicate that MATN2 is a deleterious endogenous neuroaxonal injury response signal that activates innate immune cells and could contribute to early axonal damage in CNS inflammatory diseases like MS.
in the motor cortices of C57BL/6 mice induced with MOG EAE. Although there is little lesion activity in the cortex in this model (24) , the large pyramidal motor neurons of the motor cortex (corticospinal motoneurons) project their axons through the severely infiltrated spinal cord. To first verify our hypothesis that inflammatory axonal injury within the spinal cord produces a response in the motor cortex, we performed immunohistochemistry (IHC) on coronal sections collected from severely diseased EAE mice (grade 3, day 21 after induction) and healthy mice. We observed increased staining of activated astrocytes (GFAP) and microglia (IBA-1) ( Figure 1A) , consistent with induction of a glial response in the EAE cortex, but CD3-positive T cells or inflammatory lesions were absent (data not shown). We then compared gene expression in motor cortices of healthy and severely affected EAE mice (grade 3-3.5, EAE day 21) using microarray technology. We identified 132 differentially regulated genes (P < 0.0005, fold change ≥1.3), 52 with increased and 80 with decreased expression in EAE compared with that in healthy control cortex (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI71385DS1), with a maximum relative expression change of 3.9-fold. Clustering according to predicted location of gene products showed that 39 of the 132 genes (29.5%) were associated with the ECM ( Figure 1B ). We therefore decided to further assess the most highly regulated ECM-associated genes and validated their lular adaptor protein (17) . Outside the CNS, MATN2 is a structural component of the ECM in many tissues, including the skin (18) (19) (20) . Changes in MATN2 gene expression have further been linked to various inflammation-associated diseases, such as cancer and fibrosis; however, its specific functions remain unclear (21) . In the context of peripheral nerve crush injury it has, however, been shown that Matn2 KO mice have delayed and incomplete recovery of neurological function and impaired axonal outgrowth, suggesting a potential role for MATN2 in peripheral nervous system repair (22) .
Here, we show a disparate effect of endogenous MATN2 induction in inflammatory CNS injury. We demonstrate that MATN2 is upregulated and released by CNS neurons following acute axonal damage and that extracellular MATN2 induces a proinflammatory response in macrophages/microglia via TLR-associated signaling pathways, thus exacerbating tissue injury.
Results
Axonal injury in the spinal cords of EAE mice alters gene expression in the motor cortex. Although numerous microarray experiments have been conducted to identify differentially regulated genes in EAE (23), most of these studies have focused on the local lesion environment in the spinal cord. In order to identify genes potentially regulated in neurons in response to more distal neuroinflammation or axonal damage, we studied gene expression ever, a cell-specific expression analysis has not been performed to date. Using immunofluorescence labeling, we found that, under physiological conditions, MATN2 protein was expressed by NeuN-positive neurons (Figure 2A ), particularly in cortical layers 2/3 and 5 (Supplemental Figure 1A) , in which corticospinal motoneurons are located. In addition, MATN2 was highly expressed by hippocampal neurons (Supplemental Figure 1B) . This was consistent with Matn2 expression levels in primary murine CNS cell monocultures, in which we found that neurons expressed the highest levels of Matn2 compared with various glial cells (Supplemental Figure 1C ). transcriptional regulation using quantitative real-time PCR (qRT-PCR) in an independent cohort of mice ( Figure 1C ). One of the most highly induced genes was Matn2 (P = 0.00002, fold change = 1.7). Since MATN2 has been shown recently to play a role in peripheral nerve regeneration after crush injury (22) , we selected this molecule for further investigation.
MATN2 is expressed in neurons of mouse and human brains and is increased in acute EAE motor cortices. The gene structure of mouse and human Matn2 show a 93% similarity, 86.5% identity (25) , and an identical basic gene structure (26) , and previous studies have detected MATN2 in the murine CNS (27, 28) . How- At later stages of lesion evolution (chronic EAE), extracellular MATN2 became increasingly abundant in spinal cord lesions (Supplemental Figure 2A ; P = 0.004) and colocalized with the ECM molecules laminin and fibronectin in perilesional areas (Supplemental Figure 2B ), suggesting an association of MATN2 with other disease-induced ECM components.
We also assessed whether MATN2 was expressed in brain lesions of patients with MS. In normal-appearing white matter little or no MATN2 expression was found ( Figure 3C ). Concordant with the murine MATN2 expression, early acute demyelinating lesions obtained from biopsies showed abundant extracellular MATN2, which was located in perivascular lesion areas but was also present in morphologically identifiable astrocytes ( Figure 3C ). In chronic MS lesions, MATN2 showed a prominent extracellular location ( Figure 3C ). It is important to note that biopsied "acute" MS lesions typically evolve over weeks to months after large lesions become symptomatic, whereas acute EAE tissue is sampled within hours/days of true lesion onset, limiting direct comparisons between human and murine lesions.
MATN2 is released by damaged axons in acute EAE spinal cord lesions. Since cortical MATN2 expression is limited to neurons in our mouse model ( Figure 2 ), we hypothesized that projecting axons are the primary source of MATN2 in the acutely injured spinal cord. Using immunofluorescence labeling, we showed a direct colocalization of the axon markers neurofilament and synaptophysin with MATN2 in acute EAE lesions ( Figure 4A ). In addition, orthogonal confocal imaging of specific axons revealed an intraaxonal location of MATN2 ( Figure 4B ).
Human postmortem tissue revealed MATN2 expression in some cortical and hippocampal neurons, mirroring the murine expression pattern ( Figure 2B and Supplemental Figure 1B ). Investigation of the neuron-specific location of MATN2 using confocal imaging revealed that MATN2 colocalized with giantin, a marker for the Golgi apparatus in the neuronal cytoplasm ( Figure 2C ). We next investigated whether MATN2 expression correlated with EAE disease severity and found that both MATN2 protein ( Figure 2 , D and E) and gene expression ( Figure 2F ) were upregulated in the motor cortex, with a maximal upregulation of 1.7-fold (P = 0.0002; EAE score ≥ 2.75, day 21). We further showed that Matn2 expression was not regulated in the EAE mouse occipital cortex, a region without direct neuronal spinal cord projections ( Figure 2F ).
MATN2 expression is increased in murine EAE and human MS lesions. Colocalization studies with markers for astrocytes, macrophages/microglia, and oligodendroglia showed that MATN2 was expressed within neurons of the nonlesioned cortex ( Figure 3A ). In the lesion-associated spinal cords of EAE mice, however, we demonstrated that MATN2 protein was differentially expressed. We did not detect MATN2 in healthy spinal cord, but it was present in acute and chronic EAE spinal cord lesions (day 18-21 and day 45-50, respectively; Figure 3B ). We detected MATN2 both in association with axons and in the extracellular space at day 18 to 21 but showed that it is predominantly extracellular in its localization with lesion development (day 45-50). Extracellular MATN2 protein expression was both lesional and perilesional, highest in mice with severe disease, and less intense in mice with lower EAE disease scores and fewer lesions (data not shown), confirming an association between the extent of MATN2 accumulation and disease severity. axonal injury in this model. Using this coculture system, we assessed Matn2 expression and showed a significant increase in Matn2 mRNA in the cocultures after LPS addition, relative to untreated cocultures (P = 0.0001; Figure 4C ). In contrast, Matn2 expression was decreased in primary macrophage monocultures after LPS addition (P = 0.0002) and unchanged in primary neuronal cultures.
To directly demonstrate neuronal MATN2 protein secretion following axonal injury, we assayed for MATN2 in the supernatant of neuron-macrophage cocultures using neurons from WT or Matn2 KO mice. We found that MATN2 protein could only be detected in the supernatant of cocultures using WT neurons ( Figure 4D ), To further investigate our hypothesis that acute inflammatory injury results in the induction of neuronal Matn2, we modified an in vitro model of inflammatory neuroaxonal injury, using a coculture of bone marrow-derived murine macrophages and cortical neurons. In this coculture, LPS addition induced neurite injury within 24 hours, including beading and transection (Supplemental Figure  3A ). This was associated with a significant reduction in both neurite length and branching in comparison to untreated control cultures (P < 0.001 for each comparison; Supplemental Figure 3B ) and a significant decrease in cell viability (P = 0.001; Supplemental Figure 3C ), demonstrating the presence of macrophage-induced neuronal and clearly identifying neurons, rather than macrophages, as the source of MATN2 in this in vitro model. The presence of some MATN2 in all WT cultures could be the result of basal cell death in the first 24 hours of the culture. However, LPS-induced axonal injury increased MATN2 protein levels in the supernatant ( Figure 4D ). These results, together with the lack of appearance of extracellular MATN2 in the cortices of EAE mice due to the absence of lesions in this area, support our hypothesis that MATN2 may be released from axons or neurons following acute inflammatory injury, either by passive diffusion or by active secretion. Although extracellular MATN2 was located in close proximity to infiltrating mononuclear cells such as macrophages and T cells ( Figure 4E ), MATN2 staining did not colocalize with macrophages, astrocytes, oligodendroglia, or T cells in acute EAE spinal cord, thus excluding these cell types as a source of MATN2 during the early phase of lesion development. Interestingly, MATN2 was present in GFAP-positive astrocytes, CC1-positive oligodendrocytes, and NeuN-positive dorsal horn neurons at chronic disease stages (EAE day 45-50; Supplemental Figure 4A ). Consistent with the induction of MATN2 in these other cell types, Matn2 expression at EAE day 50 was markedly increased in the spinal cord, whereas expression in the motor cortex had returned to basal expression levels (Supplemental Figure 4B ). Concordant with the EAE expression patterns, we also found intracellular MATN2 expression in cells with astrocytic, oligodendrocytic, and neuronal morphology in chronic MS lesions (Supplemental Figure 4C) .
Ablation of Matn2 reduces EAE disease severity and lesion development. Previous studies have shown that deletion of Matn2 in mice causes no obvious phenotypic abnormalities with respect to organ histology, life span, and fertility (25) . First, we confirmed that Matn2 deletion occurred in the CNSs of the Matn2 KO mice at the transcript and protein level (Supplemental Figure 5 , A-C) and further showed that, under physiological conditions, cell and axon numbers in the dorsal column of the spinal cords were not different compared to those of WT littermates (Supplemental Figure 5 , D and E). We next induced MOG EAE in Matn2 KO mice and WT littermates. The data presented are averaged from 4 independent cohorts (20-40 mice in each cohort), with a total number of 60 mice per genotype ( Figure 5A ). We found that Matn2 KO mice had significantly lower disease scores in acute EAE from day 17 (P = 0.01) to day 21 (P = 0.0001; Figure 5A ), and this effect was apparent within the individual cohorts as well as the grouped data. The mean disease severity in Matn2 KO mice was characterized by mild hind limb weakness, with paresis of the tail (EAE grade 2.25), whereas in WT mice, it comprised complete hind limb and tail paralysis (EAE grade 3). In addition, KO mice showed a significantly higher survival rate (P = 0.0003; Figure 5B ).
Lesion assessment of mice with acute EAE (day 18-21) showed that Matn2 KO mice had significantly smaller lesions compared with WT mice (P = 0.008; Figure 5C ), although the density of cells within lesions was similar (P = 0.17; Supplemental Figure 6A ). Overall, a lower percentage of total spinal cord area a marked reduction in KO mice compared with WT mice (Cd11b expression: P = 0.003, Cd45 expression: P = 0.0003; Figure 5E ). Interestingly, this effect was seen even in WT and KO EAE mice with matched disease severity grades (Cd11b expression: P = 0.04, Cd45 expression: P = 0.001; Supplemental Figure 6F ), consistent with a reduced inflammatory activation state of macrophages/ microglia in Matn2 KO mice compared with that in WT mice. To further investigate the effect of MATN2 on macrophages/microglia, we assessed gene expression of proinflammatory molecules and found a marked reduction in Il1b, Tnfa, Cox2, and Inos expression in Matn2 KO mice (Il1b expression: P = 0.01, Tnfa expression: P = 0.03, Cox2 expression: P = 0.004, Inos expression: P = 0.001; Figure 5F ). Again, gene expression changes were still significantly reduced in selected mice from both genotypes with matched disease grades (Il1b expression: P = 0.01, Tnfa expression: P = 0.03, Cox2 expression: P = 0.02, Inos expression: P = 0.001; Supplemental Figure 6G ). These results suggest that MATN2 directly or indirectly upregulates proinflammatory molecule expression during acute EAE-associated neuroinflammation.
To further determine whether MATN2 can induce proinflammatory gene expression in macrophages, we added recombinant MATN2 to cultured murine bone marrow-derived macrophages and examined gene expression changes 24 hours later. Consistent with our in vivo data, we found a dose-dependent increase in expression of Il1b (maximum P = 0.00008), Cox2 (maximum P = 0.0001), Il6 (maximum P = 0.0001), and Tnfa (maximum was composed of densely packed lesional nuclear cell infiltrates in KO mice (P = 0.003; Figure 5C ). In addition, the relative proportions of the two major inflammatory lesional cell types, macrophage/microglia (IBA-1) and T cells (CD3), were significantly decreased in KO mice ( Figure 5D ). This was no longer the case when mice from different genotypes with identical disease grades were compared (Supplemental Figure 6B ), indicating that lack of endogenous MATN2 decreased lesion size without selectively inhibiting the migration of T cells and/or macrophages into the CNS. The difference in EAE disease grades was maintained up to day 43 after induction (P = 0.004; Supplemental Figure 6C ). However, divergence in EAE scores after day 26 after induction was not observed, consistent with the acute and monophasic nature of this EAE model. Accordingly, lesion assessments in chronic EAE mice (day 45-50) revealed that the differences in lesion size and cell numbers were no longer present (Supplemental Figure 6 , D and E). This suggests that, in the EAE model examined, endogenous MATN2 primarily exacerbates the acute inflammatory phase of the disease.
MATN2 activates immune cells and induces proinflammatory gene expression in macrophages. Since other ECM molecules, such as hyaluronan and biglycan, have been shown to stimulate the peripheral inflammatory response via macrophage/microglia activation (29) , we hypothesized that MATN2 could similarly act as a proinflammatory molecule. We determined Cd11b and Cd45 gene expression levels in acute EAE spinal cords and found that no on-going deleterious effect of MATN2 on axon integrity occurred up to 45 days after disease induction. Reduced axonal injury in Matn2 KO mice with acute EAE was further confirmed by lower levels of circulating phosphorylated neurofilament heavy chain (pNfH) protein (P = 0.006; Figure 6B ), a marker that correlates with axonal loss in the dorsal column of EAE mice (6) .
To model the potential effect of MATN2-mediated macrophage activation on neurons, we cocultured WT macrophages with cortical neurons from Matn2 KO mice and assessed measures of neuroaxonal injury following addition of recombinant MATN2. After a 24-hour incubation, we observed marked induction of neurite beading and transection in MATN2-treated cultures when compared with untreated controls ( Figure 6C ). We also detected a significant reduction in total neurite length (P = 0.002) and neurite branching (P = 0.001) in these cultures ( Figure 6D ). However, MATN2 addition to neuron monocultures did not induce neuronal injury or cell death (Supplemental P = 0.0001) ( Figure 5G ), indicating that MATN2 can directly induce proinflammatory gene expression in macrophages.
MATN2 contributes to neuroaxonal injury. To determine whether MATN2 has an effect on neuroaxonal injury, we analyzed axon numbers in the dorsal columns of healthy and EAE WT and Matn2 KO mice. EAE WT mice showed a significant loss of axons relative to WT controls (P = 0.003), with marked inflammatory cell infiltration and abnormally shaped axons ( Figure 6 and Supplemental Figure 7) . In contrast, EAE in KO mice did not result in axonal loss compared with that in Matn2 KO controls (P = 0.17), and Matn2 KO EAE mice had a significantly higher axon density than WT EAE mice at day 21 (P = 0.0002; Figure 6A and Supplemental Figure 7 ). Although more fibrous ECM tissue accumulated visually in the WT spinal cord in chronic EAE (day 45) (Supplemental Figure 7 ), no additional axon loss was found in mice of either genotype (P = 0.9 for both; Figure 6A ), indicating that axonal loss in our EAE model is confined to the acute stage of the disease and As positive control, cell lines were induced with a receptor-specific ligand. TLR2, heat-killed Listeria monocytogenes at 108 cells/ml; TLR3, poly(I:C) at 1 μg/ml; TLR4, E. coli K12 LPS at 100 ng/ml; TLR5, S. typhimurium flagellin at 100 ng/ml; TLR7, CL097 at 1 μg/ ml; TLR8, CL075 at 10 μg/ml + poly(dT) 10 μM; and TLR9, CpG ODN 1826 at 100 ng/ml. Noninduced TLR clones were used as negative controls (white bars), and a HEK293 cell line expressing only alkaline phosphatase but not TLR4 was used as specific TLR4 negative control (TLR4-). (B and C) Fold induction in alkaline phosphatase triggered by (B) 2 μg/ml MATN2 or 100 ng/ml LPS or by (C) the indicated doses of MATN2 or LPS. Note that the response elicited by 2,000 ng/ml MATN2 is significantly greater than that of the trace LPS concentration of 0.01 ng/ml (P = 0.003). ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. jci.org Volume 124 Number 11 November 2014 alkaline phosphatase, under the control of the Il12p40 promoter, which is induced by the activation of NF-κB. In these assays, 2 μg/ml recombinant MATN2 or the appropriate positive control ligand was added to each HEK293 culture. Surprisingly, activation of alkaline phosphatase by MATN2 was detected exclusively in TLR4expressing cells ( Figure 8A ; P = 0.00001). The magnitude of MATN2-induced alkaline phosphatase activity was approximately one-third of that induced by the TLR4 ligand LPS (200 ng/ml; Figure 8B ). By contrast, in HEK293 cells expressing only the reporter gene but not the TLR4 receptor (TLR4-negative control), alkaline phosphatase was not induced by addition of MATN2 (Figure 8A ). An additional experiment using a range of MATN2 dosages (2,000, 200, 20 ng/ml) showed a dose-dependent stimulatory effect on TLR4 at 2,000 ng/ml (P = 0.0005) and 200 ng/ml (P = 0.03) ( Figure 8C ). As endotoxins (LPS) are major contaminants found in commercially available proteins (31) , it is necessary to ensure that TLR4 activation by MATN2 was not solely attributable to the presence of endotoxins within the peptide preparation. According to previous studies showing that 1 endotoxin unit (EU) is equivalent to 100 to 120 pg endotoxin (31) , we estimated that the mass of endotoxin contained within 2 μg MATN2 (0.031 EU/μg by LAL method; R&D Systems catalog no. 3234-MN, lot no. NTR026031) would have a maximum contamination of 10 pg. To allow direct comparison of trace endotoxin to the observed MATN2-associated stimulatory responses, we investigated induction of alkaline phosphatase using LPS dosages of 10 pg (0.01 ng/ml) and 100 pg (0.1 ng/ml). We found that the response elicited by 2 μg/ml MATN2 was significantly greater than that of the trace LPS concentration of 0.01 ng/ml ( Figure 8C ; P = 0.003), demonstrating that the stimulatory effects of MATN2 are not likely to be entirely attributable to endotoxin contamination.
TLR4 protein and gene expression have been identified in macrophages as well as neurons. In an attempt to investigate whether MATN2 could also exert its effects by autocrine signaling in neurons, we examined gene expression of Tlr4 in monocultures of both cell types, which revealed a markedly higher gene expression in macrophages than in neurons (Supplemental Figure 9A) . After LPS addition to the monocultures, expression of Tlr4 was induced only in macrophages. MATN2 did not change the expression of Tlr4 in either cell type (Supplemental Figure 9B) . These results again suggest that the presence of macrophages is required to effect MATN2-induced axonal injury. However, we cannot completely exclude an autocrine-signaling pathway in neurons as contributing to this response.
Collectively, our results demonstrate that MATN2 is a TLR4 ligand that activates p38, ERK, and NF-κB in macrophages, which leads to the expression of proinflammatory molecules and the likely induction of neuroaxonal injury in coculture systems.
Discussion
In our initial studies, we used microarray technology to identify several ECM proteins, including MATN2, which are upregulated in the EAE cortex in response to acute inflammation in the spinal cord. Although only a limited number of studies have investigated the functions of ECM molecules in disease, there is strong evidence to suggest that some of them can act as danger signals, Figure 8, A and B) . Similar to the macrophage monoculture, we also identified increased expression of Il1b (P = 0.0006), Cox2 (P < 0.0001), Tnfa (P = 0.002), and Il6 (P < 0.0001) after MATN2 addition in the cocultures ( Figure 6E ). Taken together, these results indicate that MATN2 can induce activation of macrophages, potentially contributing to neuroaxonal injury.
MATN2 signals via TLR signaling pathways in macrophages. Previous studies have shown that several ECM DAMPs activate intracellular signaling pathways via the family of TLRs, particularly TLR2 and TLR4, leading to the induction of proinflammatory cytokines via the adaptor protein myeloid differentiation factor 88 (MyD88) (9, 11, 12, 15) . To assess whether MATN2 induces Il-1β and TNF-α through TLR/MyD88-mediated pathways in macrophages, we compared mRNA expression levels in response to exogenous MATN2 addition to WT and Myd88 KO macrophages. Consistent with our previous results showing an increase of both transcripts 24 hours after MATN2 addition ( Figure 5E ), we also found increased Il1b and Tnfa mRNA expression in WT macrophages 2-8 hours following MATN2 addition, with a maximal induction at the 2-hour time point (Il1b expression: P < 0.0001, Tnfa expression: P < 0.0001; Figure 7A ). By contrast, induction of both transcripts was significantly lower in MyD88 KO macrophages at all investigated time points (Il1b expression: P < 0.0001, Tnfa expression: P < 0.0001; Figure 7A ). Since activation and secretion of pro-IL-1β into its mature form is dependent on an accumulation of NLRP3 protein in the cell (30) , we also examined whether stimulation of macrophages with MATN2 leads to the production of NLRP3. Indeed, Nlrp3 mRNA expression was significantly increased in WT macrophages following MATN2 addition (P < 0.0001) and showed a markedly lower expression in Myd88 KO macrophages (P < 0.0001; Figure 7A ). These results were confirmed by Western blot analysis and showed, 4 hours after MATN2 addition, an increase in pro-IL-1β, TNF-α, and NLRP3 protein levels, which were considerably lower in Myd88 KO macrophages ( Figure 7B ). Therefore, these results suggest that MATN2 signals at least partially through TLR-mediated signaling pathways. We further observed that MATN2 addition led to changes in the shape of WT macrophages that were consistent with the cells being in an activated state, whereas KO cells appeared to remain in a resting state ( Figure 7C ).
To identify downstream pathways associated with DAMP/ TLR/MyD88-dependent signaling in response to MATN2, we examined phosphorylation of the MAP kinases ERK and p38 as well as the transcription factor NF-κB. In WT macrophages, we detected a prominent increase in ERK, p38, and NF-κB (p65) phosphorylation following MATN2 incubation, reaching a maximum after 10 minutes for ERK and after 30 minutes for p38 and NF-κB ( Figure 7D ). In contrast, phosphorylation of NF-κB and p38 remained unchanged compared with baseline levels in Myd88 KO macrophages. However, phosphorylation of ERK was still induced, although with lower intensity and duration. Collectively, these results confirm that MATN2 signaling involves TLR family receptor activation, including signaling via the ERK, p38, and NF-κB pathways, leading to MATN2-dependent induction of pro-IL-1β, TNF-α, and NLRP3.
MATN2 signals through TLR4. To identify the potential receptor for MATN2, we used HEK293 cells expressing the murine TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, or TLR9 receptors, together with 5 0 5 2 jci.org Volume 124 Number 11 November 2014
pro-IL-1β and NLRP3 autonomously (30) . We were able to show a similar increase in IL-1β and NLRP3 protein and mRNA expression following MATN2 addition. However, the production of fully functional IL-1β in response to MATN2 remains to be confirmed. Interestingly, ECM components, such as fibronectin extra domain A, hyaluronan-derived oligosaccharides, lumican, and biglycan, are now accepted as endogenous ligands of pattern recognition receptors, in particular TLR2 and TLR4. Signal transduction through TLRs is well characterized, mediated through two possible routes involving the adapter molecules MyD88 and TRIF (35) . While signal transduction through most TLRs is solely dependent on MyD88, TLR4 can also signal through an alternative TRIF-dependent mechanism. MyD88-mediated activation of downstream pathways involves phosphorylation of the MAP kinases ERK and p38 as well as the transcription factor NF-κB (13, 32, 36) . Although most TLR-activating ECM molecules signal through the same TLRs, they all have obvious structural differences and trigger differential responses and biological outcomes. For an example of this, by comparison, biglycan signaling induces proinflammatory TNF-α and pro-IL-1β, which in turn induces the expression of COX-2 and IL-6 (9, 13, 30), whereas decorin promotes the induction of antiinflammatory IL-10 (37). In macrophages, we found increased phosphorylation of NF-κB, p38, and ERK following exogenous MATN2 addition, leading to the expression of proinflammatory cytokines. Compared with WT cells, Myd88 KO macrophages had markedly lower IL-1β, TNF-α, and NLRP3 protein and gene induction and considerably lower induction of NF-κB, p38, and ERK1/2 phosphorylation following MATN2 addition. These data suggest that MATN2 acts as a novel ligand for TLR-mediated signaling in macrophages. We were then able to show specific activation of the TLR4 receptor by MATN2 in a HEK cell assay. This specific activation of TLR4 by MATN2 is in line with our previous observation that MATN2-induced proinflammatory gene and protein expression is incompletely inhibited in Myd88 KO cells, as TLR4 can also induce activation through the alternate TRIF-dependent pathway. The presence of MyD88-independent ERK phosphorylation also suggests the involvement of other, as yet, unidentified receptors in MATN2 signaling.
In addition to macrophage-mediated effects, it is also possible that MATN2 could directly signal in axons and neurons in an autocrine fashion, because following tissue injury, TLR4 protein and gene expression is known to be increased in cortical neurons (38) (39) (40) . In our experiments, exogenous MATN2 added to neuronal monocultures did not induce Tlr4 expression or promote neuronal cell death; however, further work is required to exclude the possibility that MATN2 also signals directly through neurons.
In summary, the present study has identified MATN2 as an important neuronal danger-associated molecule in the CNS that is released in association with tissue damage to elicit a robust proinflammatory response by cells of the innate immune system. We showed that, in the highly aberrant EAE disease state, MATN2 expression in acute inflammatory lesions was associated with worsened disease, likely to be mediated by increased axon loss and more severe acute inflammatory infiltration. In principle, blockade of MATN2 signaling or its neutralization could be a novel therapeutic strategy for early relapsing-remitting MS, in which severe lesional axonal injury is often a feature. so-called DAMPs (9, 13, 14, 30, 32) , which are released from cells following tissue stress or injury. DAMPs are recognized by innate immunity receptors and, functioning in a similar way to pathogen-associated molecular patterns (33) , they induce or increase an acute local proinflammatory response. Our data collectively indicate that MATN2 functions as a neuroaxonally produced DAMP in the CNS.
Histological characterization of MATN2 expression in the acute EAE cortex and spinal cord revealed that MATN2 expression is increased in cortical neurons and also colocalizes to axons within inflammatory spinal cord lesions. Based on these observations, we hypothesized that acute lesional ECM-associated MATN2 originates from cortical neurons and is either actively secreted or passively released from lesional axons. Conversely, at postacute EAE stages and in all MS lesions examined, MATN2 was expressed in lesional and perilesional CNS cells, particularly astrocytes. Thus, it is likely that glial cells contribute to the continued accumulation of MATN2 in EAE and MS lesions, with increasing lesion chronicity. It is possible that ECM-bound MATN2 plays a distinct role at later disease stages; however, as was described previously for the DAMP biglycan (15) , our data suggest that the proinflammatory functions of MATN2 are limited to acute inflammatory disease stages when MATN2 is present in its soluble form.
During the postacute disease stage, when inflammation-induced axon injury is no longer present, we did not observe modulation of disease severity (pathologically or molecularly) associated with the presence of ECM-associated MATN2 up to 45 days after EAE induction. However, it remains possible that MATN2 could modulate demyelination or remyelination without affecting EAE severity grades, and this should be investigated using more suitable models in the future.
Underscoring the deleterious role of endogenous MATN2, we showed that Matn2 KO mice subjected to EAE had a significant survival benefit, markedly attenuated acute disease severity, reduced axonal loss, and lower expression of proinflammatory genes compared with WT mice. Interestingly, assessment of cytokine profiles in WT and Matn2 KO mice matched for EAE grade revealed a persistent reduction in many cytokine expression profiles classically associated with activated macrophages in Matn2 KO mice. Our interpretation of this finding is that, for a given EAE grade, the relative contribution of macrophage activity to this composite end point must be relatively reduced in KO mice compared with that in WT mice compared with contributions, for instance, from T-lymphocyte cells. This result, therefore, provides further correlative evidence that endogenous MATN2 in EAE activates lesional macrophages.
Using an in vitro model of acute axonal injury, we extended our observations to show that exogenous soluble MATN2 causes production of proinflammatory molecules in macrophages, in particular IL-1β. In parallel studies, another matrilin family member, matrilin-3, has also been shown to induce the expression of proinflammatory genes, including Il1b, Tnfa, Il6, Cox2, and Inos, in primary human chondrocytes (18) . Interestingly, production of mature IL-1β in macrophages is also induced by other ECM DAMPs, such as biglycan and hyaluronan (30, 34) . Importantly, these studies revealed that both molecules led to the production of a fully functional and active IL-1β protein by triggering the induction of both jci.org Volume 124 Number 11 November 2014 sociated by trypsinization (0.125% Trypsin/Ca ++ -free Mg ++ -free HBSS buffer [Gibco]) for 12 minutes at 37°C. 10 ml DMEM/10% FBS was added, and the tissue was centrifuged at 1,300 g for 2 minutes. Cells were triturated following addition of neurobasal medium (Invitrogen) containing 1:50 B27 (Invitrogen), 1% penicillin/streptomycin (Gibco), and 0.25% GlutaMax (Gibco) and centrifuged at 1,300 g for 2 minutes. Cells were then resuspended in 2 ml NBM media for plating. The neurons were plated onto poly-d-lysine-coated (Sigma-Aldrich) 6-well plates at a density of 5 × 10 5 neurons per well. Cultures were maintained in NBM at 37°C/5% CO 2 . Every 3 to 4 days, 50% of the media was replenished with fresh medium. Before the performance of assays, floating dead cells in the cultures were removed. Bone marrow-derived macrophage cultures. Macrophages cultures were prepared as previously described (46) . Briefly, femur and tibia were excised, and bone marrow was flushed out. Cells were collected by centrifugation at 350 g for 5 minutes and then resuspended in macrophage medium (DMEM [Invitrogen no. 11995]; 10% FCS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM GlutaMax-1 [all Gibco]; and 2.5 U human MCSF-1 [R&D Systems]) and seeded onto a noncoated T175 tissue culture flask for 3 to 4 days. After 3 days, nonadherent, undifferentiated cells were collected and centrifuged at 350 g for 7 minutes. Cells were cultured for an additional 3 to 4 days in macrophage medium before they were used in experiments. Cells were maintained at 37°C at 5% CO 2 , and full media change was performed every third day. For the activation of macrophages, recombinant mouse MATN2 (R&D Systems) was added at concentrations of either 1 to 2 μg/ml for RNA assays or 2 μg/ml for protein assays to the culture media and incubated at 37°C/5% CO 2 for 4 to 24 hours (RNA) or 15 to 45 minutes (protein).
Primary neuron/microglia cocultures. After 7 to 8 days in culture, neurons were cocultured with macrophages by placing the macrophages onto the neurons. Therefore, macrophages were collected by centrifugation at 350 g for 7 minutes, resuspended in 1 ml neuronal medium, counted, and added to the neurons at 350,000 cells per well in the 6-well plates.
For the activation of macrophages, 1 μg/ml LPS (Sigma-Aldrich) was added to the culture media and cocultures were incubated at 37°C/5% CO 2 for 24 hours. Where indicated, instead of the LPS recombinant MATN2 (R&D Systems) at 1 μg/ml was added to the cultures.
Live/dead assay and axonal injury analysis. Cells were incubated with Calcein AM and Ethidium Homodimer (4 μM; Invitrogen) for 12 minutes at 37°C followed by Hoechst33342 for an additional 5 minutes. Images of 5 fields of view were randomly chosen and captured from each well. To determine cell viability, cells were counted using the cell count function in MetaMorph software. For identification of neurite length and branching, the neurite outgrowth module within MetaMorph was used. This module identifies neurons using the Calcein AM stain via their nuclei and traces neurites to determine the neurite outgrowth per cell and number of branches per cell. The following parameters were used to identify the cell bodies and neurites: cell bodies = 30 μm, maximum width of neurites = 6 μm.
TLR activation assay. MATN2-induced stimulation was tested in HEK293 cells expressing one of the TLRs (TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, or TLR9) and secreted alkaline phosphatase under the control of a modified human Il12p40 promoter, which is inducible by NF-κB, activator protein-1, and IFN-regulatory factors cloned into pNIFTY2-SEAP vectors. The amount of secreted alkaline phosphatase
The percentage of the MATN2-positive area in lesions was determined using MetaMorph software (version 7.7.5, Molecular Devices). Lesions, defined as areas with dense nuclei, were identified by segmenting with the Count Nuclei module and then filtered so that nuclei that were clustered (<5 μm) were identified as a lesion. The MATN2-positive area was determined by segmentation of the positive staining area and refining it with the Integrated Morphometric Analysis function.
Methylene blue myelin staining. Four spinal cords per genotype were collected and processed as previously described (42) . For axonal counts, left and right sections of the dorsal columns of methylene blue-stained spinal cords were photographed at ×100 magnification on a Zeiss Axioplan 2 imaging system. Quantification of axon numbers was performed as previously described (44) .
Human tissue and IHC. IHC analyses for MATN2 were performed on brain sections from controls and patients with MS for the investigation of acute demyelinating lesions from biopsy and autopsy tissues; chronic active, chronic inactive, and partly remyelinating lesions from autopsy tissues; and tissues from healthy brain autopsy samples. Lesions were classified according to the previously described classification system (45) . A total of 13 different lesions from 6 autopsies and 5 biopsy samples from patients with MS, with lesions located in different parts of the brain, were analyzed. Five tissue samples from gray and white matter areas were selected from brain sections of 3 cases, with no obvious brain pathology to be used as controls.
Human biopsy specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Autopsy material was fixed in 10% formalin and tissue embedded in paraffin. Both tissues were cut in 4-μm-thick sections. Antigen retrieval was performed using either Proteinase K (Dako) for 10 minutes (MATN2) or citric acid (Thermo Fisher Scientific) for 35 minutes (GFAP, rabbit). After incubation in 3% H 2 O 2 and primary antibody at 4°C overnight, proteins were visualized using the Vectastain Elite ABC Universal Kit (Vector Laboratories) according to the manufacturer's instructions. Slides were counterstained with Hematoxylin. Primary antibodies were against human MATN2 (R&D Systems) and GFAP (Dako, rabbit). Controls omitting the primary antibody showed no staining.
Analysis of EAE disease severity in Matn2 KO mice. Absolute lesion size, average nuclei per lesion, and lesion area relative to total tissue area were determined on Hoechst33342-stained (Molecular Probes) sections using MetaMorph. Nuclei counts were based on a standard area count method.
For the quantification of macrophages and T cells, sections were labeled with Hoechst33342 and IBA-1 or CD3 and analyzed with Meta-Morph. IBA-1-and CD3-positive cells were detected using a standard intensity threshold that overlapped or surrounded nuclei (Integrated Morphometric Analysis function). All counts and analyses were performed blinded to the genotype of the animal.
For the described procedures, a minimum of 3 slides containing 20 transverse cords of mixed genotypes were analyzed. Spinal cords were cryosectioned (at 12 μm) 50 μm apart to cover a minimum crosssectional area of 200 μm of the lumber expansion. Images were automatically captured with a ×20 PlanFluor 0.5 NA objective using the automated Nikon Ti-E microscope.
Primary neuronal cultures. Primary neuronal cultures were derived from embryonic day 16 C57BL/6 embryos. Therefore, cerebral cortices were dissected and the meninges were removed. Cells were dis-were stored in standard pathology archives. The ethics committee of the University Hospital, Muenster, has approved the use of these materials for scientific purposes. According to German law, patients and relatives do not have to explicitly consent to the use of these codified materials for specific scientific studies, on the proviso that all publication of data respects patient anonymity.
was determined using the SEAP Reporter Assay Kit (measurements were performed by TLR-screening service of InvivoGen) as arbitrary units. Screening was performed in triplicates using 2 μg/ml MATN2 and was compared with the induction of alkaline phosphatase in noninduced TLR clones and NF-κB-negative cells using TNF-α (negative controls) as well as to the activation with stimulating ligands (positive controls): TLR2 = heat-killed Listeria monocytogenes at 10 8 cells per ml; TLR3 = poly(I:C) at 1 μg/ml; TLR4 = E. coli K12 LPS at 100 ng/ml; TLR5 = S. typhimurium flagellin at 100 ng/ml; TLR7 = CL097 at 1 μg/ml; TLR8 = CL075 at 10 μg/ml plus poly(dT) 10 μM; and TLR9 = CpG ODN 1826 at 100 ng/ml (InvivoGen).
Statistics. Statistical analysis was conducted using GraphPad prism software V.6 (GraphPad Software). Values are expressed as mean ± SEM. Groups of 2 were compared by unpaired 2-tailed t test. One-or two-way ANOVA followed by Bonferroni's multiple comparison test were used for comparisons among three or more groups. For EAE disease curves, Mann-Whitney rank-sum tests were performed. In Kaplan-Meier curve, a χ 2 test was used for statistical analysis. A P value of less than 0.05 was considered statistically significant.
Study approval. All animal experimentation was conducted according to National Health and Medical Research Council guidelines (Australia) and with approval from the Howard Florey Institute animal ethics committee (09-113).
Human histological studies were conducted in the laboratory of T. Kuhlmann. All patient biopsies were undertaken for clinical indications after standard clinical consent was obtained and documented. Autopsies were conducted with consent of relatives. These materials
